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Description 

The present invention generally relates to the field 
of semiconductor device fabrication, and more particu- 
lar, to usage of deuterated materials in semiconductor 
device processing. 

Electronic devices, such as metal oxide semicon- 
ductor (MOS) transistors, used in VSLl integrated cir- 
cuits experience a number of wear out mechanisms that 
limit the degree to which they can be miniaturized 
(scaled). One of these mechanisms is the so-called hot 
(energetic) electron effect. 

For instance, in thermally oxidized silicon, such as 
gate oxide formed on a silicon substrate, it is possible 
for electrons (or holes) generated in the silicon sub- 
strate by device action to escape from the silicon and 
become injected Into and be trapped in the adjoining sil- 
icon oxide. Depending on the use conditions and the 
details of the structure of the source and drain diffusions 
of a MOSFET device, there will be more or fewer elec- 
trons of greater or lesser energy generated in the silicon 
substrate and injected Into the gate oxide. 

The trend in VSLl device design has been towards 
increased electric field (both vertical and horizontal), 
which aggravates hot electron effects. Among other 
things, the hot electron effects result in a slow, long- 
term change In the threshold voltage, as well as a 
reduction in the transconductance of MOSFET devices. 
Hot electron effects also can give rise to the known phe- 
nomenon of deterioration in the low-level current gain of 
bipolar transistors whose emitter-base junctions have 
been subjected to avalanche breakdown. 

The accepted theory on how the hot electrons 
cause damage to the silicon/silicon oxide interface Is 
that the hot electrons stimulate desorption of hydrogen 
from the silicon/silicon oxide interface by breaking some 
of the Si-H bonds present on the silicon surface, leading 
to an increase in interface trap density and a degrada- 
tion in device performance. The hydrogen is present at 
the Interface after being introduced Into the device as 
result of semiconductor processes such as post-metalli- 
zation anneals of wafers conducted at low temperatures 
in hydrogen ambient, which improve device function by 
passivation of crystal defects at the silicon/siiicon oxide 
interface. The term "passivation" means that the hydro- 
gen satisfies aangling bonds at the siiicon/sllicon oxide 
interface. However, the Si-H passivation bonds formed 
at the silicon/sllicoVi oxide interface during such anneal- 
ing processes are susceptible to dissociation by hot 
electron excitation. 

It has recently been found that the hot electron 
effect may be mitigated by replacing deuterium (D) for 
hydrogen used in the passivation of the Interface traps 
at the silicon/silicon dioxide interface. (J.W. Lyding et al., 
AppL Phys, Lett. 68 (18), 29 April 1996, pp. 2526-2528; 
and I.e. Kizilyalli et al., IEEE Electron Device Letters, 
vol. 18, No. 3, March 1997, pp. 81-83.) The element 
hydrogen has three known isotopes: 



ordinary hydrogen, or protium, i H; 

heavy hydrogen, or deuterium, i H; and 
tritium, 1 H. 

5 Lyding et al. and Kizilyalli et al. teach that the deuterium 
Isotope accumulates at the silicon/silicon dioxide inter- 
face during post-metal anneal processes, such as is 
done in a deuterated forming gas (D2/N2) at a tempera- 
ture of 400*'C. The resulting silicon-deuterium (Si-D) 

10 bonds formed at the silicon/silicon dioxide interface are 
found to be more resistant to dissociation from hot elec- 
tron excitation stresses than a SI-H bond. 

The present investigators, however, have deter- 
mined that deuterium Incorporated into a silicon/silicon 

15 dioxide interface for passivation by anneal processes 
tends to drift away from the interface as a result of sub- 
sequent thermal cycling incurred in the further process- 
ing of the semiconductor device, even where only 
relatively moderate temperatures, such as about 400°C, 

20 are involved. In particular, the present investigators 
have confirmed with secondary-ion-mass spectroscopy 
(SIMS) data that deuterium Incorporated at the sili- 
con/silicon dioxide Interface can and does migrate away 
from the interface during subsequent processing of the 

25 sort which effectively "anneals" the wafer as the 
intended objective or as an incidental effect of a differ- 
ent process, such as film deposition. Therefore, any 
potential performance enhancements imparted by the 
deuterium anneal of the prior art were evanescent in 

30 nature based on what the present investigators have 
determined. For purposes of this application, the term 
"anneals", and variants thereof, means subjecting a 
semiconductor wafer to at least one thermal cycle in 
which it is heated and thereafter cooled. 

35 Therefore, problems remained unresolved in the 
prior art with respect to semiconductor processing 
involving hydrogen-containing reactants and ambients 
which tended to cause silicon/silicon dioxide interface 
disruption. 

40 It is an object of the present Invention to provide 
unique approaches for introducing deuterium into sill- 
con/silicon dioxide interfaces of semiconductor devices. 

It is another object of the present invention to pro- 
vide a technique for protecting and preserving the deu- 

45 terated state of deuterated materials once formed in a 
semiconductor device to enable the deuterated materi- 
als to better tolerate and survive any subsequent ther- 
mal cycling of the device. 

It is one specific object of the present invention to 

so provide a technique that protects and preserves the 
deuterated state of a previously deuterated-sllicon/sili- 
con dioxide interface imparted by a post-metal anneal 
process to enable the deuterated materials to withstand 
subsequent thermal cycling of the device. 

55 it is yet another object of the present invention to 
replace l^drogen content othenA/ise Introduced into var- 
ious semiconductor features located near the gate oxide 
in an FET device to avoid opportunities for hydrogen, if 
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otherwise present, to migrate from sucli otiier device 
elements into tlie silicon/siiicon dioxide interface wiiere 
It could exacerbate damage from hot electron effects. 

The foregoing and other objects of the invention are 
achieved by the present invention. 

In one embodiment of the invention, the hydrogen 
content of film-forming reactants used in semiconductor 
manufacture is replaced with deuterium to create deu- 
terated film materials /V? situ during the formation of the 
films. In one implementation, gate oxide is formed by a 
unique technique of pyrogenic wet oxidation using deu- 
terium-based chemical species. Further, other film ele- 
ments of the semiconductor device such as the gate, 
gate sidewall spacers, and nitride barrier film and so 
forth, in addition to the gate oxide, which otherwise 
would be formed with hydrogen based reactants also 
have deuterium substituted for the hydrogen. As a con- 
sequence, there is no source of hydrogen available to 
replace deuterium passivating the silicon/silicon dioxide 
Interface and a large reservoir of deuterium Is made 
available within the device itself to supply deuterium to 
the silicon/siiicon dioxide interface as needed should 
the passivating deuterium be thermally detrapped dur- 
ing subsequent processing. 

In another embodiment of the invention, an 
Improved post-metal anneal process for semiconductor 
devices is provided in which the beneficial effect of a 
deuterium anneal on the silicon/silicon dioxide Internee 
is effectively "sealed in" and protected from further 
processing. In this embodiment, a deuterium anneal is 
first performed to incorporate deuterium at the sili- 
con/silicon dioxide Interface of a transistor device made 
by conventional processing up to that point, and then 
the device Is sealed by forming a high deuterium con- 
centration reservoir layer on the dance, In a further 
optional step, a diffusion barrier film, such as a jet vapor 
deposited nitride or a low hydrogen nitride made with 
nitrogen and silane, is formed on the high deuterium 
concentration reservoir layer. The deuterium nitride bar- 
rier layer having a low hydrogen density helps seal in 
the beneficial effects of the deuterium and allows further 
thermal anneals and processing in hydrogen to take 
place in the bacl<-end-of-llne (BEOL) processing of the 
semiconductor device without exchanging the deute- 
rium with hydrogen. 

In anot|ier refinement of the invention, low temper- 
ature processing, viz., processing at or below 400*^0, Is 
employed after, the deuterium processing to help keep 
the deuterium at the silicon/silicon dioxide interface. The 
avoidance of thermal disturbances in this manner 
reduces the incidence of replacement of hydrogen for 
deuterium. 

The Invention makes the total processing environ- 
ment for semiconductor devices more robust by provid- 
ing deuterated sources for the materials used in 
processes which effect "annealing" of the wafers both to 
Insure that less deuterium is lost from the annealed 
device and also by insuring that any hydrogen reser- 



voirs in the films are instead populated with deuterium. 

While conventional semiconductor processing 
involving hydrogen-containing reactants and ambients 
tends to cause silicon/silicon dioxide interface disrup- 

5 tlon, the present Invention instead stabilizes such inter- 
feces. Namely, the deuterated device films made 
according to this Invention are more resistant to degra- 
dation at the silicon/silicon dioxide interface from hot 
electron effects. This provides improved retention of 

10 high device performance over the life of the semicon- 
ductor device, and it enables the semiconductor device 
to go to higher speeds with higher currents without 
experiencing hot electron effect damage problems. That 
Is, more current can be pushed through the device con- 

15 taining deuterated films according to this invention, or, 
alternatively, less silicon/silicon dioxide interface dam- 
age is sustained with the same current. Also, by reduc- 
ing the guardband or margin required by the hot 
electron effect, fabrication costs can be reduced signif I- 

20 cantiy by virtue of higher speed sorting. 

Accordingly the present Invention provides a 
method of forming a deuterated film for a semiconductor 
device comprising the step of providing a source mate- 
rial comprising a deuterated species during formation of 

25 a film. Suitably the film forming step Is a deposition, and 
preferably the deposition step is for semiconductor 
processing, in particular to provide a reservoir of deute- 
rium for passivating a semiconductor surface. Alter- 
nately the deposition step provides a barrier to 

30 hydrogen diffusion, or the deposition step deposits deu- 
terated silicon nitride. Preferably the film is silicon diox- 
ide formed on a silicon substrate by pyrogenic wet 
oxidation wherein the deuterated species includes deu- 
terium oxide. In an alternative the film Is preferably 

35 selected from the group consisting of a gate oxide, a 
polysillcon gate, a gate sidewall spacer, a barrier nitride 
layer, and a PSQ layer. Aptiy the deuterated film is 
formed on a silicon substrate. 

In an alternative embodiment the present invention 

40 provides a method for making a MOSFET device having 
enhanced resistance to hot electron effects, comprising 
the steps of: providing an intermediate semiconductor 
device comprising a silicon substrate, a conductive gate 
on said silicon substrate, and a gate oxide provided 

45 between said silicon substrate and said gate; annealing 
the semiconductor device at a temperature ranging from 
about 400 to 600° in a deuterium containing ambient; 
and forming a reservoir and barrier nitride film contain- 
ing deuterium on said annealed semiconductor device. 

so Preferably the step of forming the reservoir and barrier 
nitride film comprises performing plasma enhanced 
chemical vapor deposition on the FET device in an 
ambient containing SiD4 and ND3. More preferably the 
method further comprises the step of forming a hydro- 
ps gen and deuterium diffusion barrier nitride layer on the 
deuterium reservoir and barrier nitride film. iVIost prefer- 
ably the hydrogen and deuterium diffusion barrier nitride 
layer is formed by jet vapor deposition. 
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in a second alternative embodiment the present 
invention provides a metliod of forming a semiconductor 
device comprising tlie steps of: providing a source 
material comprising a deuterated species during forma- 
tion of a film on a silicon substrate; and performing 
processing steps after the providing step adequate to 
complete the semiconductor device, wherein the 
processing steps each are conducted at a temperature 
less than 400''C. Suitably the processing steps include 
at least one annealing process. Alternatively the 
processing steps preferably include at least one anneal- 
ing process conducted in a deuterium containing ambi- 
ent. Preferably the semiconductor device is an FET 
device. 

The foregoing and other objects, aspects and 
advantages will be better understood from the following 
detailed description of the preferred embodiments of the 
invention with reference to the drawings, in which: 

FIG. 1 illustrates in cross-sectional view of a MOS- 
FET device having various deuterated films incor- 
porated therein according to the present invention. 
FIG. 2 illustrates In cross-sectional view of a MOS- 
FET device having various deuterated films incor- 
porated therein according to another embodiment 
of the present invention, 

FIG. 3 illustrates in cross-sectional view of a MOS- 
FET device having various deuterated films incor- 
porated therein according to yet another 
embodiment of the present invention. 

In a first embodiment of this Invention, films are 
originally formed bearing a large amount of deuterium in 
the fabrication of the semiconductor device. Two effects 
follow: there Is no source of reactive hydrogen to 
replace the deuterium already passivating the interface; 
and a large reservoir of deuterium Is made available to 
supply deuterium to the silicon/silicon dioxide interface 
in the event passivating deuterium becomes thermally 
detrapped during subsequent processing. Also, 
processing temperatures for forming many of the films 
in semiconductor devices are high enough (i.e., 
>400°C) to depassivate the silicon/silicon dioxide inter- 
face and create a deuterium/hydrogen exchange mech- 
anism. Therefore, using D2 in the processing ambient 
during the initial part of the material deposition passi- 
vates states that have lost deuterium while heating up to 
the processing temperature. 

More specifically, in the first embodiment of this 
invention, hydrogen-bontaining materials used as film 
formation reactants and species in semiconductor fabri- 
cation, which affect the hydrogen content and process- 
ing background, are modified to instead use their 
deuterated analogs during the formation of the films. 
Such a class of materials, includes, for example, deute- 
rium oxide (D2O) used in wet oxidation systems, or deu- 
terated silane (8104), dichlorosilane (SICl2D2)i and 
ammonia (ND3) used to provide films by chemical vapor 



deposition (CVD) processes. These deuterated materi- 
als are used In one or more of the depositions of com- 
ponents such as gate oxides, polysilicon gates, sidewail 
spacers, barrier nitrides, and even oxide passivation 

s films, and so forth. An overarching principle of this 
embodiment is the identification of film processes which 
provide either a hydrogen-containing environment 
which "anneals" the wafers as a by-product of the depo- 
sition or which provide a reservoir of hydrogen which 

10 may be driven into the gate oxides during subsequent 
processing. Applicable processes would also be 
defined as those occurring before formation of a deuter- 
ated passivation nitride which blocks hydrogen diffusion 
from any subsequently formed films into the gate oxide, 

15 although the processing of oxide passivation films also 
can be encompassed by this Invention where the barrier 
nitride layer is not deuterated. Economical considera- 
tions or supply considerations may restrict the number 
of these device layers which can be deuterated accord- 

20 ing to the invention, i.e., deuterium and deuterium com- 
pounds currently are costly and/or availability is limited. 
Ideally, as many of these layers that otherwise would be 
formed with or in the presence of hydrogen would 
instead be deuterated to enhance the overall effect, 

25 although emphasis on deuterating the gate oxide and 
silicon nitride barrier layers is thought most important at 
this point to subdue hot electron effects and inhibit 
migration of deuterium and hydrogen away from their 
original incorporation sites In the device. 

30 Referring to the MOSFET device 100 illustrated in 
FIG. 1 having a silicon substrate 11 and source/ drain 
regions 12 and 13, films that can be addressed by this 
embodiment Include the gate oxide 14, the gate polysil- 
icon 1 5, the sidewali spacer 1 6, the barrier silicon nitride 

35 layer 18, and the deposited oxide passivation layer 19 
(e.g., Si02, PSG, BSG, BPSG). A self-aligned silicide 
layer 17 can be provided on the gate 15 and 
source/drain regions 12/13 by conventional methods 
prior to forming barrier silicon nitride 18. The silicon 

40 substrate, preferably a monocrystalline silicon material, 
can be p-type or n-type with well implants provided as 
appropriate for the ultimate desired type of FET opera- 
tion. Isolation processing and well Implants, of any con- 
ventional variety, would be used for the device, but 

45 these aspects are not depicted In FIGS. 1-3 for sake of 
clarity as they do not specifically form part of the 
present invention. 

An important objective of the present invention is to 
significantly curb If not prevent damage by hot electron 

60 effects at the silicon/silicon dioxide Interface 20. 

Conventional silicon oxidation systems that use a 
hydrogenated reactant are generally useful in the 
present invention to form silicon dioxide (silica) films 
that incorporate deuterium, for instance, to produce 

55 gate oxide 1 4 on a semiconductor substrate. Wet oxida- 
tion processes using water and CVD systems using 
silane can be adapted according to the present inven- 
tion to provide deuterated silicon dioxide films on silicon. 
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As one specrfic application of this first embodiment 
of the invention, a \vet oxidation' process is used to pro- 
duce gate oxide 14 on a semiconductor substrate. 
Water, HCI, and TCA are among the gases used in con- 
ventional wet oxidation processes used to form thermal 
oxides, in the present invention, D2O, DC), and deuter- 
ated TCA are substituted for the respective hydrogen 
analogs othen^/ise used during wet oxidation process- 
ing. 

In one preferred embodiment, a pyrogenic water 
system is used for the wet oxidation process to the form 
the gate oxide, in this regard, oxygen and deuterium, 
instead of the other conventional co-reactant, i.e., 
hydrogen, are directly fed to a diffusion tube, e.g., 
quartz or pure silicon, in which the wafer is maintained 
at a temperature of between 700 to lOOO^'C, where the 
gases react to form a vapor of deuterium oxide [D^O), 
I.e., heavy water vapor, which is the source of the water 
for the oxidation process. For instance, an O2 flow rate 
of about 6 sLm (standard liters per minute) and a D2 
flow rate of about 3.6 sLm can used for a duration suffi- 
cient to form an oxide film thickness of about 30A to 
about 200A with 0-9% DCI equivalent. 

During the growth of the gate oxide film on silicon 
during the wet oxidation process, the deuterium accu- 
mulates in the gate oxide as the film is being formed on 
the silicon substrate. This in situ incorporation of the 
deuterium during gate oxide formation provides a robust 
silicon dioxide and silicon/silicon dioxide interface which 
is more resistant to hot electron effects. 

The level of deuterium Incorporation needed to pre- 
vent premature device failure from hot electron effects in 
the gate oxide, or other semiconductor layers, can be 
empirically determined by one skilled in the art. That is, 
although, ideally, it would be most preferred to use deu- 
terated analogs for every hydrogenated reaction spe- 
cies and/or system atmospheric gas employed during 
the semiconductor device fabrication, economic and 
supply availability constraints may prevent such a sce- 
nario from being feasible. Therefore, blends of deute- 
rium and hydrogen reactants and gases are aiso 
contemplated as long as care is taken to use sufficient 
deuterated reactants to achieve the inventive objects 
described herein. Also, not only the gate oxide, but also 
sidewali spacer films, polysilicon gates, barrier silicon 
nitride barriers (if present), and oxide passivation films, 
found in MO^FET devices which othenwise can also 
contain significant fractions of hydrogen which can be 
released into the underlying oxide during back-end-of- 
line (BEOL) annuals, such as the contact or a liner 
anneal conducted at 550-800*'C. Thus, other films that 
advantageously can be formed using deuterium ana- 
logs in place of their conventional hydrogen containing 
reactants and/or dilutants used in film formation are 
illustrated below. 

For exanple, gate polysilicon 15 can be formed In a 
deuterated slate by CVD methods in which conventional 
hydrogen reactants are replaced by their deuterium 



analogs. Growth of polysilicon films by LPGVD by 
decomposition of SiH4, as optionally diluted sometimes 
with H2 for reasons of safety is known in the field. How- 
ever, in the present invention, gate polysilicon 15 can be 

s formed by LPCVD in which SiD4 is substituted for silane 
(SIH4), and D2 Is substituted for any H2 dllutant carrier 
gas, used In forming the poiycrystaliine silicon (polysili- 
con). Growth of the polysilicon gate using such CVD 
processing can be carried out at a system temperature 

10 of from about 550 to 650''C, at a system pressure of 1 50 
mTorr, using a source gas of 350 seem SiD4 and 50 
seem D2, In which the growth provides a film thickness 
ofabout1000to4000A. 

A sidewali thermal oxide 16 for gate 15 can be 
15 formed by substitution of DCI for HCI or deuterated TCA 
for conventional TCA, For instance, growth of the side- 
wall thermal oxide can be accomplished by CVD using 
a system temperature of 650-900°C, an O2 flow rate of 

15 sLm, deuterated-TCA, at a source temperature of 
20 20-30°C, in an N2 carrier gas at a flow rate of 0. 1 to 1 .2 

seem, to provide a film thickness of about 60 to 3000A, 
depending on the device design. Alternatively, conven- 
tional oxidation of silane (SIH4) in the presence of an 
oxidant such as O2 or N2O in APCVD and LPCVD sys- 

25 terns can be modified to instead use SiD4 in place of the 
siiane to grow deuterated sidewali silica films. Also, deu- 
terated sidewali silica can be grown by PECVD by the 
reaction of SID4/O2, SiD4/C02 and SiD4/N20 mixtures. 
Also, an oxide spacer 16 can be formed by decomposi- 

30 tion of deuterated TEGS, by either CVD or plasma- 
enhanced CVD. 

A deuterated sidewali silicon nitride spacer 16 can 
be formed by CVD by substitution of ND3 for ammonia 
and SID4 for silane in the CVD process. Silicon nitride, 

35 in its stoichiometric form, has a composition given by 
Si3N4, although it is understood in the field that consid- 
erable departure from stoichiometry Is often encoun- 
tered in deposited silicon nitride films such that they 
sometimes are referred to merely as "SIN" films for this 

40 reason. 

The source/drain regions 12/13 are formed by con- 
ventional ion implantation methods. According to con- 
ventional techniques, the oxide (or nitride) spacer layer 
16, as formed in the step described immediately above, 
45 is removed anisotroplcally at locations at the source and 
drain regions 12/13 leaving oxide (or nitride) sidewalls 

16 on the polysilicon gate 15. A self-aligned silicide 
layer 17 is then formed on the polysilicon gate 15 and 
the source/drain regions 12/13 by conventional tech- 

60 niques. Metal is deposited following an in-situ surface 
cleaning and a silicide is formed by annealing, such as 
by rapid thermal anneal (RTA). During RTA, it Is prefera- 
ble that any hydrogen used be replaced by deuterium. 
After annealing, unreacted metal is removed by selec- 

55 tive etch to leave self-aligned silicide 17 at the gate 
source/drain regions 12/13 and on the gate 15. The type 
of self-aligned silicide 17 is not necessarily limited, and 
it can be conventional silicide materials such as PtSi, 
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Pd2Si. CoSi2 and so forth. Those of skill In the art will be 

quite familiar with such steps used to form a self-aligned 
silicide in a field effect transistor and further details or 
illustrations thereof should not be necessary for its 
understanding. 

In this first embodiment, the barrier silicon nitride 
layer 18 can optionally be deuterated. For example, bar- 
rier nitride layer 28 be formed by CVD with substitution 
of ND3 for ammonia and SiD4 for silane. The deuterated 
barrier nitride blocks subsequent diffusion of hydrogen 
from overlying layers Into the device 10. Growth of the 
barrier nitride layer 18 can be carried out at a system 
temperature of from about 350 to SOO'^C, using a ND3 
flow rate of 15 seem, a SiD4 flow rate of 60 seem, and a 
N2 flow rate of 4000 seem, at a system pressure of 5 
Torr, to provide a film thickness of ranging from about 
700 to about 1000A. 

Oxide passivation film 19 is then formed on the 
device. The oxide passivation film 19 can be doped or 
undoped silicon oxide. For example, oxide passivation 
film 1 9 can be formed by decomposition of deuterated- 
TEOS to form deuterated silicon dioxide. Alternatively, 
oxide passivation film 19 can be formed by decomposi- 
tion of deuterated-TEOS in the presence of a phos- 
phine, diborane, or arsine dopant (I.e., R B, or As- 
hydride) to form, for example, deuterated-PSG, BPSG, 
or AsSG. Provision of a deuterated oxide passivation 
layer 19 Is especially useful for technologies that do not 
have a barrier silicon nitride layer. 

Oxide passivation layer 19 forms an Insulation layer 
between the polysilicon gate 15 and standard top metal- 
lization (not shown). Growth of the silicon oxide passiva- 
tion film 19 can be carried out at a system temperature 
of from about 300 to about 500°C, using a helium flow 
rate of 560 seem through an ampule of deuterated- 
TEOS, and the TEOS vapors are combined with a flow 
rate of 800 seem O2, at a system pressure 5 to 20 Torr, 
to provide a film thickness of about approximately 1 
micrometer. 

Oxide passivation film 19 also could be deposited 

as deuterated-PSG, BPSG or AsSG by including phos- 
phine, diborane, or arsine as dopant in the same basic 
reaction system described above for forming the oxide 
passivation film 19. The doped varieties of oxide passi- 
vation film 19, can be desirable where superior refiow 
properties are heeded. Although not required, the phos- 
phine, diborane, pr arsine dopants themselves could be 
deuterated (i.e., the hydrogen atoms are replaced by 
deuterium in the molecules) to further refine the result. 

The oxide passivation film 1 9 also could be formed 
by co-oxidation of SiD4 and PH3 (phosphlne) with O2. 
Deuterated BPSG films also could be grown by CVD 
methods using the co-oxidation of SID4, B2H6 or B2De, 
and PH3 or PD3, with O2 and N2O, in a nitrogen carrier 
gas. 

The processing used in the present Invention 
avoids the production of copious amounts of hydrogen, 
which othenwise would be present in the ambients if 



non-deuterated reactants were used, which hydrogen 
would tend to diffuse into the gate oxides and displace 
some or ail of any deuterium that was left there In an 
earlier anneal. 

5 In a second embodiment of this Invention, a method 
Is provided as an alternative to deuterating In situ the 
films during their formation, such as the gate oxide. 
Instead, deuteration is effected by a post-anneal treat- 
ment and then the device is sealed with a deuterium 

10 reservoir and/or barrier layer. This method can reduce 
fabrication costs significantly as deuterated materials 
are inherently more expensive than hydrogenated 
materials, and this embodiment effectively reduces the 
number of process steps requiring use of deuterated 

IS chemical species. The second embodiment of the 
Invention has two different variants described below. 

In the first variant shown In FIG. 2, the basic con- 
cept is to start with a device structure 200 having films 
formed using the standard hydrogenated reactant mate- 

20 rials for each respective film. That is, gate oxide 24, gate 
25 and gate sidewall spacers 26 are formed on silicon 
substrate by conventional techniques. Source/drain 
regions 22/23 are formed by conventional ion Implanta- 
tion methods. A self-aligned slliolde 27 is then formed 

25 on the gate 25 and at source/drain regions 22/23. 

Then, a deuterium ambient anneal is performed to 
deuterate the previously formed gate oxide 24, gate 25, 
and gate sidewall spacers 26, and so forth. This deute- 
rium anneal is conducted at 400 to 600**G in an ambient 

30 of D2 in an othenwise conventional anneal furnace 
arrangement. The deuterium anneal is used to satisfy 
dangling bonds and/or replace (exchange) as much 
hydrogen as possible at the siilcon/sllicon dioxide inter- 
face 20 and In the nearby device films, such as gate 

35 oxide layer 24, polysilicon 25, and sidewall spacer 26. 
This anneal of the wafer is typically done at the end of 
the entire FEOL process but before the deuterium res- 
ervoir/barrier layer 28 Is deposited on the gate 25. In a 
subsequent treatment step, deuterated barrier nitride 28 

40 is grown on the device. 

To accomplish this, the single deuterated bar- 
rier/reservoir layer 28 can be formed in the same man- 
ners as described above for deuterated nitride layer 18 
of the first embodiment. The layer 28 forms a reservoir 

45 of high deuterium concentration on the layers previously 
deuterated by the deuterium anneal. 

In a second variant of the second embodiment, as 
shown in FIG. 3, a deuterium reservoir layer 38a, which 
is formed in the same manner as above deuterated bar- 

so rier nitride layers 18/28 having a high deuterium con- 
centration, is provided and used in conjunction with an 
overlying and separate diffusion barrier layer 38b, hav- 
ing a low hydrogen and deuterium concentration, which 
inhibits hydrogen/deuterium migrations. In FIG. 3, there 

55 is also shown silicon substrate 3 1 , source/drain regions 
32/33, gate oxide 34, gate polysilicon 35, gate sidewall 
spacers 36, and silicide 37. in this second en^odiment 
of the invention, gate oxide 34, gate polysilicon 35, and 



6 



11 



EP 0 892 424 A2 



12 



gate sidewalt spacers 36 are deposited by cortventionai 
methods without using deuterated reactants at that 

time. 

The diffusion barrier layer 38b can be formed as a 
jet vapor deposited (JVD) nitride, such as by methodol- 5 
ogy described in X. W. Wang et al., The Japanese Sod- 
ety of Applied Physics, "Highly Reliable Silicon Nitride 
Films Made by Jet Vapor Deposition," reprinted from 
Extended Abstracts of the 1994 Inter. Conf, on Solid 
State Devices and Materials, August 23-26, 1994, io 
Padflco Yokohamdi Japan, pp. 856-858, which descrip- 
tions are Incorporated herein by reference. Alternatlveiy 
diffusion barrier layer 38b can be formed as a low hydro- 
gen content nitride made with nitrogen and silane 
instead of ammonia and silane. is 

The deuterium reservoir film 38a and diffusion bar- 
rier layer 38b combination together act to dilute the 
effect that any remaining hydrogen present in the device 
may have and effectively "seals in" the beneficial effects 
of the incorporated deuterium and allows further ther- 20 
mal anneals and processing In hydrogen to take place in 
the back-end-of-line (BEOL) processing of the device 
300 without exchanging the deuterium with hydrogen. 
The passivation oxide 39 can then be deposited on top 
of the deuterated barrier film 38a and diffusion barrier 25 
fiim 38b, and it need not be deuterated. 

The present investigators have confirmed by SIMS 
that a conventional nitride barrier layer formation proc- 
ess Is a source of hydrogen by virtue of the SiH4 and 
NH3 reactant used. The problem is that the hydrogen so 
introduced via SIH4 and NH3 during the nitride process 
replaces the deuterium accumulated at the silicon/sill-' 
con dioxide interfaces during the prior post-metal 
anneal process with hydrogen. Thus, this embodiment 
Involves performing not only a post-metal process deu- 3s 
terium anneal for passivation, but follows up by using 
deuterated reactants to form deuterated barrier nitrides 
to preserve the benefits of that anneal. 

In another further refinement of this invention that Is 
applicable to either to first or second embodiments as 40 
described above, low temperature processing, viz., 
processing below 400^C, Is employed after any and all 
deuterium incorporating steps to help keep the deute- 
rium at the silicon/silicon dioxide interface. The avoid- 
ance of t(iermal disturbances in the device In this 4s 
manner reduces the incidence of hydrogen for deute- 
rium replaceVient. For example, as applied to the sec- 
ond embodiment of this invention, anneals performed 
after either deposition of the deuterium reservoir nitride 
layer 28 as used without an accompanying diffusion so 
barrier layer, or after deposition of both a deuterium res- 
ervoir nitride layer 38a and a diffusion ban'ler layer 39b, 
would be performed below a temperature of 400°C. 
Such anneals to be conducted below a temperature of 
400^0 could be post-metallization anneals. Also, a con- 55 
ventlonal densification anneal that commonly Is per- 
formed on the oxide passivation layer, such as layer 39 
in FIG. 3, would be omitted altogether in this refinement, 



as they conventionally must be conducted at tempera- 
tures exceeding 400''C. 

This invention is not particularly limited to only the 
examples mentioned above, but instead covers a 
number of occasions to use its principles depending on 
the details of the process integration in a particular tech- 
nology This invention can be practiced in any situation 
where deuterated materials are being used specifically 
to either preserve the effects of separate deuterium 
anneals or to produce deuterium reservoirs. Instead of 
hydrogen reservoirs, to provide this effect following sub- 
sequent heat cycles 

This invention Is also contemplated for application 
in TFTs, polyresistors and polyemitter bipolars. In the 
first two cases, deuterium serves to passivate the grain 
boundaries and provide greater resistance to hot elec- 
tron stresses. In the latter case, deuterium is less likely 
than hydrogen to drift through the poly and into the bipo- 
lar junction where it could de-activate boron. Also, the 
degradation of the oxide over the emitter-base junction 
by reverse-biased current will be suppressed. 

While the Invention has been described In terms of 
Its preferred embodiments, those skilled In the art will 
recognize that the invention can be practiced with mod- 
ification within the spirit and scope of the appended 
claims. 

Claims 

1. A method of forming a deuterated film for a semi- 
conductor device comprising the step of providing a 
source material comprising a deuterated species 
during formation of a film. 

2. The method as in claim 1 , wherein said film forming 
step is a deposition. 

3. The method as in claim 2, wherein the deposition 
step is for semiconductor processing. 

4. The method as in claim 3, wherein the deposition 
step provides a reservoir of deuterium for passivat- 
Ing a semiconductor surface, 

5. The method as in claim 2, wherein the deposition 
step provides a barrier to hydrogen diffusion. 

6. The method as in claim 2, wherein said deposition 
step deposits deuterated silicon nitride. 

7« The method as in claim 1 , wherein said film Is sili- 
con dioxide formed on a silicon substrate by pyro- 
genlc wet oxidation wherein said deuterated 
species includes deuterium oxide. 

8. The method as in claim 1, wherein said film Is 
selected from the group consisting of a gate oxide, 
a poiysilicon gate, a gate sidewail spacer, a barrier 
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9. A method of for making a MOSFET device having 
enhanced resistance to hot electron effects, com- 
prising the steps of: s 

providing an intermediate semiconductor 
device comprising a silicon substrate, a con- 
ductive gate on said silicon substrate, and a 
gate oxide provided between said silicon sub- 10 
strate and said gate; 

annealing the semiconductor device at a tem- 
perature ranging from about 400 to 600*'C In a 
deuterium containing ambient; and is 

forming a reservoir and barrier nitride film con- 
taining deuterium on said annealed semicon- 
ductor device. 

20 

10, A method of forming a semiconductor device com- 
prising the steps of : 

providing a source material comprising a deu- 
terated species during formation of a film on a 25 
silicon substrate; and 

performing processing steps after said provid- 
ing step adequate to complete the semicon- 
ductor device, wherein said processing steps 30 
each are conducted at a temperature less than 
400*0. 
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